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ABSTRACT

Goosegrass (Eleusine indica (L.) Gaertn.), a C4 grass found in most areas of the world, is
one of the most troublesome weeds in tropical and temperate environments. Turfgrass
systems are intensely managed and frequently used for a number of different sporting
pursuits. Due to high traffic, these areas become compacted and maintaining a healthy
sward of dense turfgrass can be challenging, as a result these areas can become infested
with weeds such as goosegrass. Understanding a weeds life cycle and biology is
fundamental in developing control strategies. Three main areas of interest in regards to
goosegrass biology and control were investigated: late-summer life cycle, genetic
diversity of ecotypes, and control within ‘Tifway 419’ bermudagrass (Cynodon dactylon
(L.) Pers. X Cynodon transvaalensis Burtt-Davy). Noted results include; goosegrass
germinating on August 15, in Clemson, SC completes a life cycle and produces viable
seed before the first killing frost. Three single nucleotide polymorphisms (SNP) are
associated with phenotypically distinct goosegrass ecotypes and immediate irrigation
following postemergent herbicide application reduces turfgrass injury while maintaining
goosegrass control. Future work is needed to further investigate the genetic differences
between phenotypically distinct goosegrass ecotypes.
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INTRODUCTION

Goosegrass (Eleusine indica (L.) Gaertn.), a C4 grass found in most areas of the world, is
a member of the Poaceae (grass) family of plants and is a major weed in most cash crops
(Johnson, 1975). Turfgrass systems are intensely managed and frequently used for a number of
different sporting pursuits. Due to high traffic, these areas become compacted and maintaining a
healthy sward of dense turfgrass can be challenging, as a result these areas can become infested
with weeds such as goosegrass (Mudge et al., 1984). Currently, goosegrass is one of the most
difficult grassy weeds to selectively control in turfgrass systems, and has adapted to both
temperate and tropical regions (Brosnan et al., 2008; McCullough et al., 2016). Herbicide
applications for grassy weeds within a turfgrass system are limited as many cause unacceptable
injury to the turfgrass species. Methods to improve the safety of the herbicides for the turfgrass
species are limited. Research has investigated using chelated iron as a method to reduce the
injury of turfgrass species (Flessner et al., 2017). In addition, some combinations of herbicides
have a safening effect on the non-target plant species, reducing the injury or negative impact
(Brown et al., 2004).
Goosegrass morphological features have been previously described in-depth; however,
the descriptions are based on traditional or wild ecotypes. Within turfgrass systems, dwarf
growing goosegrass ecotypes have adapted to close mowing. Other populations have adapted in
tropical regions where goosegrass continues to grow year-round, behaving more as a perennial.
Goosegrass has a high level of genetic diversity leading to a high number of herbicide resistant
populations. From a botanical classification point-of-view, the morphology of the new ecotypes
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hasn’t changed, however the life cycle, biology and adaptability of various ecotypes as a whole
is still not fully understood.
From a traditional biological point-of-view, goosegrass begins initial germination in latewinter or early-spring and continues throughout the summer (Chauhan and Johnson, 2008). Latesummer germination may also occur as the residual effects of spring-applied preemergence
herbicides dissipate in the soil. Heavy rainfall during this period may also enhance goosegrass
germination that further exacerbates infestations in late-summer. The potential maturation of
goosegrass plants establishing in late-summer could warrant control by turf managers if viable
seed is produced in fall. Goosegrass germination occurs at maximum with fluctuating
temperatures. Nishimoto and McCarty (1997) noted 99% germination occurred when
temperatures fluctuated between 20°C for 16 hours and 35°C for 8 hours with supplemental
lighting. Similarly, Chauhan and Johnson (2008) noted maximum germination occurred at higher
fluctuating temperatures (30/20 and 35/25°C) and after a 3-month seed ripening period. Chauhan
and Johnson (2008) also noted seed planted on the soil surface had the highest rate of emergence
(82%), while seeds buried to a depth of 8 cm lacked emergence.
Takano et al., (2016) noted the developmental stages and morphological features of
goosegrass through a complete life cycle. In the greenhouse study, goosegrass completed the life
cycle in 120 days after emergence. Each plant produced 120,000 seeds, 80% of plants had
emerged 12 days after initial emergence and between 38 and 43 days after emergence growth
was maximum for the number of new tillers being produced. Limited research simulating field
environments has been conducted to understand the dynamics of the goosegrass life cycle.
Similar studies are needed to characterize goosegrass ecotypes from the transition zone in the
United States.
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McCarty and Hall (2018) described goosegrass as “Tough, dark-green clumped summer
annual, to 24 inch (0.6 m)or occasionally to 33 inch (0.85 m) tall, generally with a “whitish to
silverish” coloration at the center of the plant, hence the common name, “Silver Crabgrass”. It
perenniates in subtropical and tropical regions lacking sufficient frosts to kill it. Stems often
compressed (flattened), and spread out form a central point, forming a mat-like rosette. Leaf
blade smooth on both surfaces, occasionally a few hairs near the base, auricles absent. Folded
vernation. Ligule small but visible, 0.04 to 0.06 inch (1-1.5 mm) long, short-toothed,
membranous, outer side hairy. Leaf sheaths with white margins, and a few hairs near the top.
Spikelets resembling a “zipper”, in two rows on two to thirteen fingers. Frequently a single
finger below the terminal cluster of fingers. Fruits mid-summer until frost. Found in almost any
cultivated or disturbed open habitat. Establishes from seed. Found throughout the temperate and
warm parts of the United States; throughout the warm temperate, subtropical, and tropical areas
of the world. Native to Africa. The goosegrass common name originates from either using the
plant as food for geese or seedhead branches that resemble a goose’s foot. Tolerates close
mowing, compacted, wet or dry soils. Up to 50,000 seeds are produced annually per plant which
can remain viable for 6 or more years. Germinates in spring when soil temperatures at 4 inch
(10 cm) depth reach 63 to 65°F (17.2 to 18.3°C) for 24 continuous hours. Herbicide resistant
ecotypes occur.”
Hall (2019) described goosegrass as “Annual; culms tough, to 0.85 m tall, sometimes
bending at lower nodes, often compressed; sheaths with long hairs above, mostly on or near
margins, keeled; ligules to 0.8 mm long with cilia to 0.1 mm long, glabrous above and below or
with a few scattered hairs above; inflorescence branches 2-13 (rarely 1), 1.6-14 cm long and 3-7
mm wide; spikelets 3.1-7.4 mm long, 3-6-flowered; first glume 2.4-4 mm long, 1-nerved, keeled;
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second glume 2.7-4.2 mm long, 3-7 nerved, keeled; lemmas keeled; paleas shorter than lemmas.
Virtually any disturbed dry soil, including gardens, crops, flatwoods, riverbanks, hammocks,
ditches, vacant lots, fallow fields, roads, rights-of-way, old fields, waste places, prairies, and
barnyards, especially frequent in compressed paths, roads, and parking areas. Throughout
Florida; throughout the U.S.; throughout warm temperate, sub-tropical, and tropical regions of
the world; a native to Africa. Common. Occurs all year round when not subject to frost.
Commonly the plant looks whitish when looking down into the center of the spreading branches
due to the membranous margins of the sheaths.”
Herbicide resistance has developed in goosegrass populations around the world. Limited
populations have also developed resistance to multiple herbicides. Mudge et al., (1984)
confirmed the presence of a dinitroaniline-resistant goosegrass population in South Carolina. To
evaluate resistance; one half, one and twice the recommended label rate of seven dinitroaniline
herbicides were applied to both a susceptible ecotype and the suspected resistant ecotype (Mudge
et al., 1984). At the recommended label rate, all of the susceptible ecotypes were controlled,
however, none of the resistant ecotypes were.
Brosnan et al., (2008) evaluated goosegrass ecotypes from Kauai, Hawaii showing both
susceptibility and resistance to metribuzin plus MSMA. Three ecotypes were utilized in the
study; ‘Lihue’ ecotype was collected from Kauai Lagoons Golf Course, ‘Wailua’ ecotype was
collected from Wailua Golf Course and the ‘Waimanalo’ ecotype was collected from the
Waimanalo Research Station. The ‘Lihue’ ecotype had both metribuzin resistant (designated
Lihue-R) and susceptible (designated Lihue-S) ecotypes. Susceptible ecotype seed was collected
from goosegrass plants that exhibited sever chlorosis and necrosis following the application of
metribuzin and MSMA. The resistant ‘Lihue’ ecotype was collected from the same site from

4

goosegrass grass plants not controlled by metribuzin and MSMA application (Brosnan et al.,
2008). The ‘Wailua’ ecotype was only collected from goosegrass plants not controlled by
metribuzin and MSMA application. The ‘Waimanalo’ ecotype was collected from a site
previously used for vegetable crop production, no metribuzin or MSMA had previously been
used at the site (Brosnan et al., 2008). Metribuzin and MSMA tank mixed provided effective
control on Lihue-S and Waimanalo; while not controlling Lihue-R and Wailua. MSMA alone at
2000 g ha-1 controlled < 30% of all ecotypes, leading the investigators to conclude resistance to
metribuzin plus MSMA tank mixtures was derived from metribuzin (Brosnan et al., 2008).
Buker III et al., (2002) identified a goosegrass ecotype with reduced control following
applications of paraquat in tomato (Solanum lycopersicum L.) fields located in Mantee County,
Florida. Paraquat resistance was confirmed in greenhouse studies using a paraquat susceptible
goosegrass ecotype from Alachua County, Florida as a comparison. To determine the level of
paraquat resistance the following rates were applied; 0, 300, 600, 1100, 2200 and 4500 g ha-1. An
additional rate of 9000 g ha-1 was used to determine the GR50 (herbicide rate required to reduce
growth by 50%) (Buker III et al., 2002). To examine if any cross-resistance issues were
occurring, sethoxydim, clethodin, and metribuzin ± paraquat were applied at the recommended
label rate for vegetable production. In comparison to the susceptible ecotype, the resistant
ecotype required a 30-fold increase in paraquat rate to achieve GR50. Cross-resistance issues
were not identified as both ecotypes were susceptible to sethoxydim, clethodin and metribuzin
(Buker III et al., 2002).
Jalaludin et al., (2010) investigated two ecotypes of goosegrass with expected resistance
to glufosinate-ammonium in Malaysia. The first site in Kesang was a vegetable farm and at the
label rate of 495 g ai ha-1, glufosinate-ammonium controlled 82% of the goosegrass population.
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The second site was an oil palm (Elaeis guineensis Jacq.) nursery in Jerantut, at the
recommended label rate, glufosinate-ammonium did not control any of the goosegrass
population. Field experiments were implemented at both locations with 4 rates of glufosinateammonium. The rate ranges were different at both locations due to the differences observed in
control. The rate range at the Kesang farm was 248 to 1980 g ai ha-1 and at the Jerantut oil palm
nursery, 495 to 3960 g ai ha-1. Plants at both locations was mature and producing seedheads at
the time of application (Jalaludin et al., 2010). Goosegrass plants surviving the initial field trials
at both sites were collected and taken to the Institute of Biological Sciences, University of
Malaysia, Kuala Lumpar, Malaysia. To compare resistant to susceptible ecotypes and to quantify
the level of ecotype resistance, a susceptible goosegrass ecotype was collected from an urban
housing area. Once all ecotypes germinated and reach 7 to 20 cm tall, leaves were treated with
glufosinate-ammonium at 495, 990, 1980 and 3960 g ai ha-1 (Jalaludin et al., 2010). The Kesang
goosegrass ecotypes proved to be more susceptible than the Jerantut ecotypes as at 248 g ai ha-1,
the Kesang ecotype had 77% control in the field while the 990 g ai ha-1 provided 72% control in
the greenhouse. As rates increased, so did control of the Kesang ecotype in greenhouse and field
studies. At the 3960 g ai ha-1 rate, the Jerantut ecotype had 85% control in the field study.
However, at the same rate under greenhouse conditions, only 64% control was achieved
(Jalaludin et al., 2010).
Lee and Ngim (2000) reported the first case of glyphosate-resistant goosegrass. A fruit
grower from Teluk Intan, Perak, Malaysia noted in 1997 glyphosate failed to control goosegrass
on a four-year-old orchard. In field trials, glyphosate treatments from 720 to 5760 g ae ha-1 were
applied. At the highest rate of 5760 g ae ha-1, only 25% control was achieved of the ‘Tetan Intan’
goosegrass ecotype (Lee and Ngim, 2000). Seeds of the ecotype were then collected and
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established at the CCMB Agrochemicals Research Centre, Meleka, Malaysia to determine the
level of resistance. The ‘Tetan Intan’ ecotype was then compared to a susceptible ecotype
located at the CCMB Agrochemicals Research Centre. The investigators concluded that ‘Tetan
Intan’ ecotype was 12-fold resistant compared to a susceptible ecotype (Lee and Ngim, 2000).
Seng et al., (2010) reported the presence of a glufosinate- and paraquat-resistant
goosegrass ecotype in a bitter gourd (Momordica charanital L.) field in Air Kuning, Perak,
Malaysia. Historically, glufosinate and paraquat have both been applied at least six times per
year for the previous four years. Field trials conducted at twice the recommended label rate of
both herbicides achieved only 20% to 35% control three weeks after treatment (Seng et al.,
2010). Seed was collected from the resistant and known susceptible goosegrass plants, then
established in a greenhouse and a dose response experiment performed. Glufosinate was applied
at; 0, 30, 110, 450, 1800 and 7200 g ha-1 (Seng et al., 2010). Paraquat was applied at; 0, 90, 380,
1500, 6000 and 24,000 g ha-1. Glufosinate GR50 value for the resistant ecotype was 170 g ha-1
compared to the susceptible ecotype value of 50 g ha-1. Paraquat GR50 value for the resistant
ecotype was 430 g ha-1 compared to the susceptible ecotype value of 120 g ha-1 (Seng et al.,
2010).
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The objectives of this research were:
1. Determine if goosegrass seeds germinating on August 15 would complete a life cycle
and produce viable seed before the first killing frost in Clemson, SC, typically
November 15.
2. Evaluate turfgrass injury following use of POST goosegrass control options.
3. Assess if irrigating immediately following POST herbicide application reduces
turfgrass injury on mature stands of ‘Tifway 419’ bermudagrass (Cynodon dactylon
(L.) Pers. X Cynodon transvaalensis Burtt-Davy).
4. Evaluate if immediate irrigation improves goosegrass control at one- to three-tiller and
mature growth stage.
5. Determine if goosegrass ecotypes collected in Florida were phenotypically distinct
from traditional ecotypes.
6. Determine if goosegrass ecotypes collected in Florida were genetically different from
traditional ecotypes.
By evaluating these objectives, it is hoped a greater understanding of goosegrass genetic
diversity, biology and control will be achieved for turfgrass managers. The results of the research
will be used by turfgrass managers to implement improved weed management strategies.
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CHAPTER TWO
KEY MORPHOLOGICAL EVENTS FOLLOWING LATE-SEASON GOOSEGRASS
(ELEUSINE INDICA) GERMINATION

This work has been published:
Kerr R.A., McCarty, L.B., Bridges, W.C., and Cutulle, M. 2018. Key morphological events
following late-season goosegrass (Eleusine indica) germination. Weed Technology. doi:
10.1017/wet.2018.93.
Abstract
Goosegrass is a weedy C4 species throughout the world and is a major pest in turfgrass systems.
Further research is needed to characterize morphological events of goosegrass germinating in
late summer to enhance long-term management programs. The objective of this study was to
determine if goosegrass germinating on August 15 will complete a life cycle before the first
killing frost, typically November 15 in Clemson, SC. A biotype from Clemson, SC was collected
and a growth chamber experiment was conducted to simulate fall maximum and minimum
temperatures. Culm, leaf, root and raceme biomass were measured weekly and growth curves
were modeled. The inflection point (i.e. point of maximum growth) occurred for the following
growth parameters: culm dry wt 26.5 d after emergence (DAE), leaf dry wt 26.6 DAE, number of
raceme per plant 50.7 DAE, raceme dry wt (including germinable seed) 56.0 DAE and root dry
wt 42.1 DAE. The completion of the life cycle occurred on October 22 (68 DAE), approximately
3 wk before the typical first killing frost in Clemson, SC. In summary, turf managers need to
address goosegrass that germinates through approximately the first wk of September at this
location to avoid production of viable seed.
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Nomenclature: goosegrass, Eleusine indica (L.) Gaertn.
Keywords: BBCH scale, goosegrass life cycle, turfgrass weed, weed biology.
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Introduction

Goosegrass is a troublesome weed in turfgrass and many cropping systems throughout
the world (Holm et al. 1977; Lee and Ngim 2000; Mueller et al. 2011; Takano et al. 2016).
Goosegrass is a diploid summer annual that can produce approximately 50,000 seed with high
(greater than 90%) viability potential (Chauhan and Johnson 2008; Jalaludin et al. 2010; Takano
et al. 2016).
Prior to the development of herbicides, farmers were required to understand a weeds life
cycle to develop proper management strategies. In the post herbicide era, understanding a weeds
life cycle is pertinent due to multiple herbicide resistance (Van Acker 2009). The development of
herbicide resistance in goosegrass populations has been documented with dinitroanilines (Mudge
et al. 1984); glyphosate (Lee and Ngim 2000); paraquat (Buker III et al. 2002); metribuzin plus
MSMA (Brosnan et al. 2008); glufosinate-ammonium (Jalaludin et al. 2010); glufosinate plus
paraquat (Seng et al. 2010); ACCase-inhibitors (McCullough et al. 2016); and oxadiazon
(McElroy et al. 2017); and are suspected in several others. The development of herbicide
resistance in weeds can be delayed with proper integration of cultural and chemical control
practices (Van Acker 2009).
Goosegrass begins initial germination in late-winter or early-spring and continues
throughout the summer (Chauhan and Johnson 2008). Late-summer germination may also occur
as the residual effects of spring-applied preemergence herbicides dissipate in the soil. Heavy
rainfall during this period may also enhance goosegrass germination that further exacerbates
infestations in late-summer. The potential maturation of goosegrass plants establishing in latesummer could warrant control by turf managers if viable seed is produced in fall.

13

Environmental cues impact the time a weedy species completes its life cycle; this in turn,
influences timing of control measures. There is an interaction of goosegrass growth stage on the
efficacy of many herbicides used for POST control in turfgrass. Generally, most herbicides
become less effective as goosegrass matures and multiple applications may be required for
control (Burke et al. 2002; Corbett et al. 2004). Studying the impact of lowering average weekly
temperatures in the fall on goosegrass development will lead to a better understanding about
whether controlling plants with herbicides is needed before viable seed is produced. The study
objective was to determine if goosegrass seeds germinating on August 15 would complete a life
cycle and produce viable seed before the first killing frost in Clemson, SC, typically November
15.

Materials and Methods

Goosegrass seeds were collected from a low turf maintenance site, The Cherry Farm at
Clemson University (Clemson, SC) on October 25, 2016 and stored at 4 C. Seeds were sown in
1020 NCR trays (Landmark Plastic Corporation, Akron, OH, USA) filled with a sterile growing
medium (Farfard® Growing Mix 3B; Sun Gro Horticulture Agawam, MA, USA). Trays were
placed on a misting bench to promote germination for a period of 10 d, then relocated into a
growth chamber (Controlled Environments Inc., Hendersonville, NC). Growth chamber
temperatures were maintained at the weekly temperature regime representing the 30-yr average
(1986-2016) for Clemson, SC beginning August 15 (Table 2.1; National Centers for
Environmental Information, 2018). Once a minimum of 80 plants emerged and matured to a two
leaf stage, seedlings were transplanted to 10 cm by 9 cm greenhouse pots (Landmark Plastic
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Corporation, Akron, OH, USA) filled with a sterile growing medium (Farfard® Growing Mix
3B; Sun Gro Horticulture Agawam, MA, USA). Plants were maintained under a 14 h
photoperiod, a light intensity of 500 µmoles m-2 s-1, and sub-irrigated to prevent moisture stress.
Plants were not clipped and no supplemental nutrition was added throughout the experiment.
The experiment was arranged in a randomized complete block design, each block
consisted of 20 goosegrass plants, for a total of 80 plants. Blocking was used to eliminate any
spatial effect within the growth chamber. Two experimental runs were conducted, October –
January 2016-17 and 2017-18. Plants were harvested 7, 12, 19, 26, 33, 40, 47, 54, 61 and 68 d
after emergence (DAE). On each sampling date, one plant was removed from each of the blocks.
The stage of phenological development was noted and characterized based on the BBCH-scale.
As described by Hess et al. (1997) the abbreviation BBCH derives from the institutes that jointly
developed the scale: BBA, Biologische Bundesanstalt fur Land- und Forstwirtschaft (German
Federal Biological Research Centre for Agriculture and Forestry); BSA, Bundessortenaml
(German Federal Variety Authority); Chemical Industry, Industrieverband Agrar, IVA (German
Association of Manufacturers of Agrochemical Products). Plant material was destructively
harvested into plant parts to determine leaf dry wt (LDW), culm dry wt (CDW), root dry wt
(RDW) and raceme dry wt (RaDW). Leaf, culm and raceme material was rinsed with flowing
water to remove soil and unwanted debris. Root material was washed in a basin with a
combination of free flowing water and sieves. Dissected rinsed plant material was then placed
into paper bags and oven dried at 80 C for 72 h. At the completion of the drying period, plant
material was weighed to determine biomass. The root to shoot ratio was determined by dividing
the RDW by the combined LDW, CDW and RaDW (Oliveira et al. 2018).
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To determine the quantity of seeds produced by each plant, the number of florets in 10
mm of the raceme was randomly sampled 25 times for each plant and the average number
calculated; therefore, means were based on 100 samples. The average raceme length and total
number of racemes for each plant was measured and the number of seeds per plant determined
by extrapolating the number of florets in 10 mm by the total length of raceme per plant. At the
completion of the life cycle, germination rates were determined in triplicate on petri dishes.
JMP Pro 13 (SAS Institute Inc.; Cary, NC, USA) was used for all statistical calculations
and graphics. A logistic four-parameter growth curve was used to model the response of each
variable (Yano et al. 2018). The terms in the model included; upper asymptote, lower asymptote,
inflection point (i.e., point of maximum growth) and overall growth rate (Paine et al. 2012). The
equation used to model response variables is listed below (Paine et al. 2012):
[1]
Where y is the plant response of interest (e.g., LDW, CDW, RDW, RaDW, number of
raceme, number of seeds per plant, root to shoot ratio and total dry wt (TDW)), d is the upper
bound of the y values, c is the lower bound of the y values, b is the inflection point of the growth
of y over time, a is the growth rate, and

is random error as outlined by Paine et al. (2012). Note

that the reported adjusted growth rate for this nonlinear function is (Paine et al. 2012):
[2]
Several parameters were estimated through logistic regression based on the biomass for
leaf, culm, root and raceme of individual goosegrass plants over time. These parameters included
growth rate (both culm and leaf), inflection point, lower asymptote, upper asymptote and R2
values (Table 2.2). The upper asymptote is the point of the growth curve which represents the
maximum of the parameter measured. The lower asymptote is the point of the growth curve
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which represents the minimum of the parameter measured. The inflection point represents the
DAE when exponential growth of the parameter measured occurs (Paine et al. 2012).

Results and Discussion

Estimated growth parameters for CDW were 0.46 g d-1, inflection point of 26.5 DAE,
lower asymptote of 0.002 g, upper asymptote of 0.6 g and a R2 value of 0.9 (Figure 2.1, Table
2.2). Estimated growth parameters for LDW were 0.39 g d-1, inflection point of 26.6 DAE, lower
asymptote of 0.01 g, upper asymptote of 0.73 g and a R2 value of 0.95 (Figure 2.2, Table 2.2).
Culm and leaf growth experienced a similar trend, and at approximately 26 to 27 DAE,
exponential growth occurred and the upper asymptote was reached.
In a greenhouse study, Takano et al. (2016) indicated the inflection point for goosegrass
culm and leaf material occurred at 53 DAE. Takano et al. (2016) conducted the greenhouse
experiment from May to September 2015 in Maringa, Brazil. Neither temperature nor light
conditions within the greenhouse were provided. Damalas et al. (2018) noted European field
pansy (Viola arvensis Murr.) initiated flowering 53 DAE, seed started to shed 60 DAE and life
cycle considered complete at 100 DAE. Bakhshandeh et al. (2018) noted rice (Oryza sativa L.)
initiated flowering 93 DAE and life cycle considered completed 107 DAE.
Estimated growth parameters for number of racemes were growth rate of 8 racemes d-1,
inflection point of 50.3 DAE, lower asymptote of 0, upper asymptote of 47.6 and a R2 value of
0.99 (Figure 2.3, Table 2.2). Estimated growth parameters for number of seeds per plant were
317.4 seeds d-1, inflection point of 50.7 DAE, lower asymptote of 0, upper asymptote of 1901.2
and a R2 value of 0.97 (Figure 2.4, Table 2.2). Estimated growth parameters for RaDW
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(including germinable seed) were 0.04 g d-1, inflection point of 56.0 DAE, lower asymptote of
0.00 g, upper asymptote of 1.59 g and a R2 value of 0.95 (Figure 2.5, Table 2.2). Racemes
emerged 26 DAE indicating the initiation of reproductive growth (Table 2.3). Raceme dry wt
reached inflection point at approximately 56 DAE (Table 2.2). Our model estimated that each
plant would produce 1901.2 seeds at the completion of its life cycle (Figure 2.4). Following seed
production, it was determined in a separate petri-dish study 33% of this seed could immediately
germinate (data not shown). The germination assay was performed in the greenhouse under
natural light conditions and temperatures ranged from 21 to 26 C. Therefore, goosegrass plants
emerging during late summer in Clemson, SC have the potential to produce approximately 630
new plants that season (if weather conditions are favorable for germination) or deposit this
quantity of viable seed back into the seed-soil bank. If the plants that produce the viable seeds
have been exposed to herbicides and survive, there are also implications for the development of
herbicide resistance. The viable seeds that are being deposited back into the seed-soil bank could
have developed resistance, and over time the resistant biotype will dominate the seed-soil bank.
Estimated growth parameters for RDW were 0.04 g d-1, inflection point of 42.1 DAE,
lower asymptote of 0.00 g, upper asymptote of 2.76 g and a R2 value of 0.91 (Figure 2.6, Table
2.2). Estimated growth parameters for root to shoot ratio were 0.03 d-1, inflection point of 18.7
DAE, lower asymptote of 0, upper asymptote of 0.95 and a R2 value of 0.78 (Figure 2.7, Table
2.2). Estimated growth parameters for TDW were 0.98 g d-1, inflection point of 41.7 DAE, lower
asymptote of 0.00 g, upper asymptote of 5.83 g and a R2 value of 0.93 (Figure 2.8, Table 2.2).
Seedlings began to emerge 15 DAS; 2 leaf stage was reached 22 DAS; tillering
commenced and 4 leaf stage reached 27 DAS; tillering and 6 leaf stage reached 34 DAS; 7 leaf,
4 to 5 tillers and raceme started to emerge 41 DAS; 7 leaf, 6 to 7 tillers, raceme fully emerged
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and producing pollen 55 DAS; 7 leaf, 8 to 9 tillers, raceme emerged, raceme starting to mature
and leaf senescing 62 DAS; seed started to shed 76 DAS and the life cycle considered complete
at 83 DAS (Table 2.3). Takano et al. (2016) reported goosegrass seedling emergence 12 DAS; 2
leaf stage reached 14 DAS; tillering commenced and 4 leaf stage reached 21 DAS; 6 to 7 leaf,
tillered and raceme emerged 41 DAS; 6 to 7 leaf, tillered, raceme emerged, producing pollen 50
DAS; leaf senescing and life cycle considered complete 120 DAS.
Under controlled environmental conditions in the present study, goosegrass plants
completed their life cycle in 83 DAS in comparison to 120 DAS in the greenhouse study by
Takano et al. (2016). The reduction of 37 d could be due to lower maximum and minimum
temperatures simulating autumn environmental conditions in Clemson, SC or possible
differences among biotypes used. Goosegrass germinating on approximately August 15 in
Clemson, SC will complete its life cycle and produce viable seed by approximately October 22,
suggesting a need to control goosegrass plants emerging in late summer. However, this response
should be evaluated under field conditions in Clemson, SC and other locations in the southern
United States.
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Table 2.1 Growth chamber air temperature regime to simulate late-summer conditions in
Clemson, South Carolina. Temperatures represent 30-yr weekly averages (1986-2016) from
August 15 (Week 1) through December 5 (Week 16). The maximum temperature was maintained
for 14 h and the minimum temperature maintained for 10 h. Plants were maintained under a 14 h
photoperiod and a light intensity of 500 µmoles m-2 s-1.
Week
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ Temperature (C) ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶
Maximum Range Minimum Range
32
12
20
6
31
9
19
6
31
14
19
7
29
9
18
6
28
7
16
8
27
10
15
9
26
11
13
12
24
9
12
16
23
10
10
13
22
9
8
11
21
10
7
12
20
12
6
12
19
10
5
12
17
13
4
13
16
10
3
13
15
11
2
12
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Table 2.2 Goosegrass growth rate, inflection point, lower asymptote, upper asymptote and R2
values for culm dry weight, leaf dry weight, number of racemes, number of seeds per plant,
raceme dry weight, root dry weight, root to shoot ratio and total dry weight estimated through
logistic regression for growth models of goosegrass plants sampled on 7 d intervals for 68 d.
Plants grown in a controlled environment under late-summer simulated maximum and minimum
temperatures for Clemson, SC. The maximum temperature was maintained for 14 h and the
minimum temperature maintained for 10 h. Plants were maintained under a 14 h photoperiod and
a light intensity of 500 µmoles m-2 s-1. Two experimental runs with four replications conducted,
October – January 2016-17 and 2017-18.
Culm dry
weight

Leaf dry
weight

Number of
racemes

Growth Rate

0.46 g d-1

0.39 g d-1

Inflection Point
(DAE)a
Lower Asymptote

26.5

Upper Asymptote
R2
a

Raceme
dry weight

Root dry
weight

Root to Shoot
ratio

Total dry
weight

8 d-1

Number of
seeds per
plant
317.4 d-1

0.04 g d-1

0.04 g d-1

0.03 d-1

0.98 g d-1

26.6

50.3

50.7

56.0

42.1

18.7

41.7

0.002 g

0.01 g

0

0

0.00 g

0.00 g

0

0.00 g

0.6 g

0.73 g

47.6

1901.2

1.59 g

2.76 g

0.95

5.83 g

0.9

0.95

0.99

0.97

0.95

0.91

0.78

0.93

Abbreviation: DAE, days after emergence.
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Table 2.3 Developmental stage of goosegrass on days after sowing (DAS) and days after
emergence (DAE); phenological development characterized on BBCH-scale (Hess et al., 1997).
Goosegrass plants sampled on 7 d intervals for 68 d and phenological development noted. Plants
grown in a controlled environment under late-summer simulated maximum and minimum
temperatures for Clemson, SC. The maximum temperature was maintained for 14 h and the
minimum temperature maintained for 10 h. Plants were maintained under a 14 h photoperiod and
a light intensity of 500 µmoles m-2 s-1. Two experimental runs with four replications conducted,
October – January 2016-17 and 2017-18.
DASa
0
10
15
22
27
34
41
48
55
62

DAEb
0
0
0
7
12
19
26
33
40
47

Development stage
BBCH-scalec
Placed on misting bench
0
Removed from misting bench and placed into growth chamber 0
Seedlings started to emerge
9
2 leaf
12
4 leaf, tillering
21
6 leaf, tillering
22
7 leaf, 4 to 5 tillers, raceme starting to emerge
51
7 leaf, 4 to 5 tillers, raceme starting to emerge
55
7 leaf, 6 to 7 tillers, raceme emerged, pollen being produced
61
7 leaf, 8 to 9 tillers, raceme emerged, raceme starting to
67
mature, leaf senescing
54
7 leaf, 8 to 9 tillers, raceme emerged, raceme starting to
65
69
mature, leaf senescing
61
7 leaf, 8 to 9 tillers, raceme emerged, raceme starting to
81
76
mature, leaf senescing, seed shedding
68
7 leaf, 8 to 9 tillers, raceme emerged, raceme starting to
97
83
mature, leaf senescing, seed shedding
a
Abbreviation: DAS, days after sowing.
b
Abbreviation: DAE, days after emergence.
c
Abbreviation: BBCH-scale, as described by Hess et al. (1997) the abbreviation BBCH derives
from the institutes that jointly developed the scale: BBA, Biologische Bundesanstalt fur Landund Forstwirtschaft (German Federal Biological Research Centre for Agriculture and Forestry);
BSA, Bundessortenaml (German Federal Variety Authority); Chemical Industry,
Industrieverband Agrar, IVA (German Association of Manufacturers of Agrochemical Products).
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Figure 2.1. Logistic regression of combined culm dry weight (CDW) and days after emergence
(DAE) for two runs of a growth chamber experiment under simulated autumn maximum and
minimum temperatures. Ten sampling dates represented, eight individual plants harvested on
each date, n=1 (refer to equations 1 and 2 in text).
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Figure 2.2. Logistic regression of combined leaf dry weight (LDW) and days after emergence
(DAE) for two runs of a growth chamber experiment under simulated autumn maximum and
minimum temperatures. Ten sampling dates represented, eight individual plants harvested on
each date, n=1 (refer to equations 1 and 2 in text).
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Figure 2.3. Logistic regression of combined number of raceme and days after emergence (DAE)
for two runs of a growth chamber experiment under simulated autumn maximum and minimum
temperatures. Ten sampling dates represented, eight individual plants harvested on each date,
n=1 (refer to equations 1 and 2 in text).
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Figure 2.4. Logistic regression of combined number of seeds per plant and days after emergence
(DAE) for two runs of a growth chamber experiment under simulated autumn maximum and
minimum temperatures. Ten sampling dates represented, eight individual plants harvested on
each date, n=1 (refer to equations 1 and 2 in text).
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Figure 2.5. Logistic regression of combined raceme dry weight (RaDW) and days after
emergence (DAE) for two runs of a growth chamber experiment under simulated autumn
maximum and minimum temperatures. Ten sampling dates represented, eight individual plants
harvested on each date, n=1 (refer to equations 1 and 2 in text).
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Figure 2.6. Logistic regression of combined root dry weight (RDW) and days after emergence
(DAE) for two runs of a growth chamber experiment under simulated autumn maximum and
minimum temperatures. Ten sampling dates represented, eight individual plants harvested on
each date, n=1 (refer to equations 1 and 2 in text).

30

Figure 2.7. Logistic regression of combined root to shoot ratio and days after emergence (DAE)
for two runs of a growth chamber experiment under simulated autumn maximum and minimum
temperatures. Ten sampling dates represented, eight individual plants harvested on each date,
n=1 (refer to equations 1 and 2 in text).

31

Figure 2.8. Logistic regression of combined total dry weight (TDW) and days after emergence
(DAE) for two runs of a growth chamber experiment under simulated autumn maximum and
minimum temperatures. Ten sampling dates represented, eight individual plants harvested on
each date, n=1 (refer to equations 1 and 2 in text).
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CHAPTER THREE
IMMEDIATE IRRIGATION IMPROVES TURGRASS SAFETY TO POSTEMERGENCE
HERBICIDES
This work has been published:
Kerr R.A., McCarty, L.B., Brown, P.J., Harris, J., and McElroy, J.S. 2018. Immediate irrigation
improves turfgrass safety to postemergence herbicides. HortScience. 54(2):1-4.

Abstract

Summer annual grassy weeds such as goosegrass (Eleusine indica L. Gaertn.) continue to be
problematic to selectively control with postemergence (POST) herbicides within turfgrass stands.
In recent years, reduced performance by certain herbicides (e.g., foramsulfuron), cancellation of
goosegrass specific herbicides (e.g., diclofop-methyl), and cancellation and/or severe use
reductions of other herbicides (e.g., monosodium methanearsonate, MSMA) have limited the
options for satisfactory control and maintaining acceptable (≤30% visual turfgrass injury)
turfgrass quality. Currently available herbicides (e.g., topramezone and metribuzin) with
goosegrass activity typically injure warm-season turfgrass species. The objectives of this
research were to evaluate both ‘Tifway 419’ bermudagrass (Cynodon dactylon (L.) Pers. X
Cynodon transvaalensis Burtt-Davy) injury following treatment with POST herbicides, and if
irrigating immediately following application reduces turfgrass injury. Treatments were: control
(+/- irrigation); topramezone (Pylex 2.8C) (+/- irrigation); carfentrazone + 2,4-D + dicamba +
MCPP (Speedzone 2.2L) (+/- irrigation); carfentrazone + 2,4-D + dicamba + MCPP in
combination with topramezone (+/- irrigation); metribuzin (Sencor 75DF) (+/- irrigation);
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mesotrione (Tenacity 4L) (+/- irrigation); simazine 4L (+/- irrigation); and, mesotrione +
simazine (+/- irrigation). Irrigated treatments were applied immediately with a hand hose precalibrated to apply 0.6 cm or 0.25 inch (~6.3 liters). Visual turfgrass injury for combined
herbicide treatments for the irrigated plots was 6% four days after treatment (DAT), 12% one
week after treatment (WAT), 17% 2WAT, and 6% 4WAT, while non-irrigated plots had
turfgrass injury of 14% at 4DAT, 31% 1WAT, 35% 2WAT, and 12% 4WAT. Irrigated pots had
normalized differences vegetative indices (NDVI) ratings of 0.769 at 4DAT, 0.644 1WAT, 0.612
2WAT, and 0.621 4WAT, while plots non-irrigated had lowest (least green) turfgrass NDVI
ratings of 0.734 4DAT, 0.599 1WAT, 0.528 2WAT, and 0.596 4WAT. These experiments
suggest turfgrass injury could be alleviated by immediately incorporating herbicides through
irrigation.
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Introduction
Goosegrass (Eleusine indica L. Gaertn.), a weedy C4 grass species throughout much of
the world, is problematic to selectively control with postemergence (POST) herbicides within
‘Tifway 419’ bermudagrass (Cynodon dactylon (L.) Pers. X Cynodon transvaalensis Burtt-Davy)
stands (Lee and Ngim, 2000; McCullough et al., 2016; Mudge et al., 1984). Botanically
classified as a summer annual, goosegrass plants are eradicated by the first killing frost.
However, in tropical regions, goosegrass behaves like a perennial, continuing to tiller year round
due to the lack of frost. Also in tropical regions, year round seed germination leads to plants with
varying maturity, resulting in inconsistent preemergence (PRE) and POST control efficacy.
In recent years, reduced performance by certain herbicides (e.g., foramsulfuron), cancellation of
goosegrass specific herbicides (e.g., diclofop-methyl), and cancellation and/or severe use
reductions of other herbicides (e.g., monosodium methanearsonate, MSMA) have limited the
options end-users have for satisfactory control and maintaining acceptable turfgrass quality.
Currently available herbicides (e.g., topramezone, metribuzin) with activity on goosegrass also
often result in unacceptable injury (bleaching) to the desirable turfgrass species. Developing
management techniques to reduce turfgrass injury, while maintaining herbicide efficacy is
imperative for effective POST control of goosegrass within turfgrass stands. Immediately
incorporating products via irrigation or tank mixing products such as chelated iron (Fe), could
reduce turf injury, while maintaining control efficacy. The present study focused on turfgrass
injury only. Kerr and McCarty (2017) noted little reduction in goosegrass control efficacy of
topramezone and carfentrazone + 2,4-D + dicamba + MCPP when immediately irrigated at the
same rates used in the present study.
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Topramezone (Pylex Herbicide 2.8C; BASF Corporation, Research Triangle Park, NC)
and mesotrione (Tenacity 4L, Syngenta Professional Products, Greensboro, NC) are 4hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors absorbed through roots and shoots
(Brosnan et al., 2014; Elmore et al., 2011a). Simazine (Princep 4L, Syngenta Professional
Products, Greensboro, NC) and metribuzin (Sencor 75DF, Bayer Crop Science, Research
Triangle Park, NC) are photosynthetic (PSII) inhibitors (Nimbal et al., 1996). Simazine is
absorbed through the roots and metribuzin is mostly absorbed through roots (Abusteit et al.,
1985; Sheets, 1961). Carfentrazone-ethyl (shoot-absorbed) plus 2,4-D (root-absorbed) plus
dicamba (root- and shoot-absorbed) plus mecoprop (mostly root-absorbed) (Speedzone 2.2L, PBI
Gordon, Kansas City, MO) is effective for the control of many broadleaf weeds and goosegrass,
the only grassy weed listed on the label (http://www.cdms.net/ldat/ld61R001.pdf) (Beck et al.,
2014). The site of herbicide uptake is an important factor to consider when developing
techniques to reduce turfgrass injury. If an herbicide is shoot-absorbed, immediate irrigation will
most likely remove a certain amount of product, thus, possibly reducing efficacy. If an herbicide
is fully or partly root-absorbed, immediate irrigation could potentially reduce turfgrass injury
while maintaining desirable weed control efficacy.
The objectives of the trials were to 1) evaluate turfgrass injury following use of POST
goosegrass control options and 2) assess if irrigating immediately following the herbicide
application reduces turfgrass injury on mature stands of ‘Tifway 419’ bermudagrass (Cynodon
dactylon (L.) Pers. X Cynodon transvaalensis Burtt-Davy).

Materials and Methods
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Two field sites were used in these experiments, the first at the Walker Golf Course,
Clemson University, Clemson SC; the second at the Auburn Sports Surface Field Lab, Auburn
University, Auburn AL. In 2017, the Clemson University trial site received 25 kg N ha-1 in May
and 12.5 kg N ha-1 in August. The site was mowed weekly at 25 mm with no other herbicides,
fungicides or plant growth regulators applied. In 2017, the Auburn University trial site received
25 kg N ha-1 on Apr. 4, 20 kg N ha-1 on Apr. 24, 2.5 kg N ha-1 and 0.59 L ha-1 trinexapac-ethyl,
TE (Primo Maxx) on June 13, 27, July 11, 25, Aug. 7, and 22. Fertilizer was applied at both trial
sites using the nitrate source N20-4.4P-16.6K (Harrell’s Turf Specialty, Inc., Lakeland, FL). The
trial area was mowed 3 times weekly at 13 mm, no other herbicides or fungicides were applied in
the 2017 growing season. Except for specific irrigation timing treatments, both sites were
irrigated normally to prevent moisture stress.
Four replications of 1 m × 1 m plots were used in a randomized complete block design
(RCBD). Treatments were: control (+/- irrigation); topramezone (Pylex 2.8C) (+/- irrigation);
carfentrazone + 2,4-D + dicamba + MCPP (Speedzone 2.2L) (+/- irrigation); carfentrazone +
2,4-D + dicamba + MCPP in combination with topramezone (+/- irrigation); metribuzin (Sencor
75DF) (+/- irrigation); mesotrione (Tenacity 4L) (+/- irrigation); simazine (Princep 4L) (+/irrigation); and, mesotrione + simazine (+/- irrigation) (Table 3.1). All treatments were mixed
with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25%
v/v) in 2 L bottles. Herbicides were applied Aug. 14, 2017 using a pressurized CO2 backpack
boom sprayer with a water carrier volume of 187 L/ha-1 through 8003 flat-fan nozzles (Tee jet,
Spraying Systems CO., Roswell, GA). Irrigated treatments were applied immediately with a
hand hose pre-calibrated to apply 0.6 cm or 0.25 inch (~6.3 liters).
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Plots were rated visually for turfgrass injury (scale of 0-100% with 100=dark green dense
turfgrass, 0=dead/brown turfgrass, and 30=minimally acceptable turfgrass), and normalized
differences vegetative indices (NDVI). The measurement of NDVI was calculated as:
NDVI = ((R935 – R661) / (R935 + R661))

[1]

Where R935 is the reflectance of near infrared radiation at 935 nm and R661 is the reflectance of
visible red radiation at 661 nm (Bremer et al., 2011; Trenholm et al., 1999) (Greenseeker
Handheld Crop Sensor, Trimble Navigation Limited, Westminster, CO, USA). Plots were rated
at four days after treatment (DAT), one week after treatment (WAT), 2WAT and 4WAT.
Analysis of variance (ANOVA) and means separation were performed on all data sets using the
SAS statistical software package JMP Pro 13.2 (SAS Institute Inc., SAS Campus Drive, Cary NC
27513, USA). Data was analyzed individually for each evaluation date. Significant means were
separated using Tukey’s HSD test (p = 0.05).

Results and Discussion

Location was analyzed statistically and visually for effects, no significant effect was
detected and the data was combined. Location was not part of the statistical model for data
analysis of the visual turfgrass injury or NDVI ratings. The main irrigation effect for visual
turfgrass injury across all herbicide treatments was significant (<0.0001) at 4DAT, 1WAT,
2WAT and 4WAT (Table 3.2). At 4DAT, plots non-irrigated experienced highest injury (14%),
followed by irrigated plots (6%) (Table 3.2). At 1WAT, plots non-irrigated experienced highest
injury (31%), followed by irrigated plots (12%) (Table 3.2). At 2WAT, plots non-irrigated
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experienced highest injury (35%), followed by plots irrigated (17%) (Table 3.2). At 4WAT, plots
non-irrigated experienced highest injury (12%), followed by plots irrigated (6%) (Table 3.2).
The main herbicide treatment effect for irrigated and non-irrigated visual turfgrass injury
was significant (<0.0001) at 4DAT, 1WAT, 2WAT and 4WAT (Table 3.2). At 4DAT,
metribuzin and carfentrazone + 2,4-D + dicamba + MCPP in combination with topramezone
treated plots experienced highest injury (~18%), followed by carfentrazone + 2,4-D + dicamba +
MCPP alone (13%) (Table 3.2). At 1WAT, topramezone treated plots experienced highest injury
(48%), followed by carfentrazone + 2,4-D + dicamba + MCPP in combination with topramezone
(40%), and, mesotrione plus simazine (25%) (Table 3.2). At 2WAT, topramezone treated plots
experienced highest injury (81%), followed by carfentrazone + 2,4-D + dicamba + MCPP in
combination with topramezone (60%) and mesotrione plus simazine (27%) (Table 3.2). At
4WAT, topramezone treated plots again experienced highest injury (28%), followed by
carfentrazone + 2,4-D + dicamba + MCPP in combination with topramezone (19%) (Table 3.2).
The treatment by irrigation interaction was also significant (<0.0001) at 4DAT, 1WAT, 2WAT
and 4WAT (Table 3.3). At 4DAT, carfentrazone + 2,4-D + dicamba + MCPP in combination
with topramezone and metribuzin alone non-irrigated experienced the highest injury (26%),
followed by the carfentrazone + 2,4-D + dicamba + MCPP non-irrigated (21%) (Table 3.3). At
1WAT, plots with highest injury were carfentrazone + 2,4-D + dicamba + MCPP in combination
with topramezone non-irrigated (55%) and topramezone alone non-irrigated (51%); followed by
topramezone alone irrigated (44%), mesotrione plus simazine non-irrigated (41%), metribuzin
non-irrigated (35%) and mesotrione non-irrigated (29%) (Table 3.3). At 2WAT, plots with
highest (~88%) injury were topramezone non-irrigated, and carfentrazone + 2,4-D + dicamba +
MCPP in combination with topramezone non-irrigated, followed by topramezone irrigated
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(74%); mesotrione plus simazine non-irrigated (45%) and carfentrazone + 2,4-D + dicamba +
MCPP in combination with topramezone irrigated (33%) (Table 3.3). At 4WAT, plots with
highest injury were topramezone non-irrigated (41%) and carfentrazone + 2,4-D + dicamba +
MCPP in combination with topramezone non-irrigated (27%) (Table 3.3).
The main herbicide treatment effect for irrigated and non-irrigated NDVI turfgrass injury
ratings was significant at 4DAT, 1WAT, 2WAT and 4WAT (Table 3.4). At 4DAT, plots treated
with carfentrazone + 2,4-D + dicamba + MCPP in combination with topramezone experienced
lowest (least green) NDVI rating (0.716) (Table 3.4). At 1WAT, lowest NDVI ratings were for
carfentrazone + 2,4-D + dicamba + MCPP in combination with topramezone (0.582) and
metribuzin (0.576). At 2WAT, lowest NDVI ratings were for topramezone alone (0.442),
carfentrazone + 2,4-D + dicamba + MCPP in combination with topramezone (0.484) and
mesotrione plus simazine (0.519). At 4WAT, lowest NDVI rating was for topramezone (0.546).
The main irrigation effect for NDVI turfgrass injury ratings was significant at 4DAT, 1WAT,
2WAT and 4WAT (Table 3.4). At 4DAT, plots non-irrigated experienced lowest NDVI ratings
(0.734), followed by irrigated plots (0.769) (Table 3.4). At 1WAT, plots non-irrigated
experienced lowest NDVI ratings (0.599), followed by irrigated plots (0.644) (Table 3.4). At
2WAT, plots non-irrigated experienced lowest NDVI ratings (0.582), followed by irrigated plots
(0.612) (Table 3.4). At 4WAT plots non-irrigated experienced lowest NDVI ratings (0.596),
followed by irrigated plots (0.621) (Table 3.4).
Overall, without irrigation, turfgrass injury from topramezone was highest (up to 88%) at
2WAT and from metribuzin (~29%) at 1WAT. Of the two treatments, injury from metribuzin
was least damaging throughout the study. Cox et al., (2017) noted similar turfgrass injury 2WAT
with topramezone. Elmore et al., (2011b) reported turfgrass injury from topramezone was
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highest 2WAT (~47%), although in our study the turfgrass injury was higher (up to 81%).
Simazine and mesotrione treatments alone maintained acceptable turfgrass injury (~13%);
however, when applied in combination, great (up to 27%) turfgrass injury occurred. Elmore et
al., (2011b) noted acceptable mesotrione turfgrass injury throughout a 5 week study. Simazine
alone provided acceptable turfgrass injury (≤30%), consistent with previous research (Sharpe et
al., 1989).
Turfgrass injury was reduced by irrigation for all herbicides used alone and in
combination in these trials. Topramezone alone non-irrigated had highest turfgrass injury (~81%
2WAT) (Table 3.2), however, combining topramezone with carfentrazone + 2,4-D + dicamba +
MCPP reduced turfgrass injury (~60% 2WAT) (Table 3.2). However, if the combination is
irrigated, turfgrass injury is reduced further (~33% 2WAT) (Table 3.3).
In conclusion, immediate incorporation of POST herbicide treatments by irrigating with
0.66 cm reduces turfgrass injury to mostly acceptable levels.
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Table 3.1. Irrigation, herbicides, formulations and rates used in two experiments; one in Clemson, SC and one in Auburn, AL,
2017.
Irrigationz Trade namey

Common name

Rate (kg ai ha-1)

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No

—
Topramezone
Carfentrazone + 2,4-D + dicamba + MCPP
Carfentrazone + 2,4-D + dicamba + MCPP + topramezone
Metribuzin
Mesotrione
Simazine
Mesotrione + simazine
—
Topramezone
Carfentrazone + 2,4-D + dicamba + MCPP
Carfentrazone + 2,4-D + dicamba + MCPP + topramezone
Metribuzin
Mesotrione
Simazine
Mesotrione + simazine

—
0.0123
0.5
0.5 + 0.0123
0.42
0.28
0.87
0.28 + 0.87
—
0.013
0.5
0.5 + 0.0123
0.42
0.28
0.87
0.28 + 0.87

z

Untreated control
Pylex 2.8C
Speedzone
Speedzone 2.2 L + Pylex 2.8C
Sencor 75DF
Tenacity 4L
Princep 4L
Tenacity + Princep 4L
Untreated control
Pylex 2.8C
Speedzone
Speedzone 2.2 L + Pylex 2.8C
Sencor 75DF
Tenacity 4L
Princep 4L
Tenacity + Princep 4L

Irrigation applied to a depth of 0.66 cm (0.25 inch) immediately following treatment.
All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.

y
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Table 3.2. Visual turfgrass injury on a percent basis in response to herbicide treatments (Treatment effect), and immediate
irrigation (Irrigation effect) in Clemson, SC and Auburn, AL, 2017.
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ Turfgrass Injury (%)z ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶
Treatmenty
Control
Topramezone
Carfentrazone + 2,4-D + dicamba + MCPP
Carfentrazone + 2,4-D + dicamba + MCPP + topramezone
Metribuzin
Mesotrione
Simazine
Mesotrione + simazine
P-Value

P-Value

kg ai ha-1
—
0.0123
0.5
0.5 + 0.0123
0.42
0.28
0.87
0.28 + 0.87

4DATx
0c
9b
13 ab
17 a
18 a
8b
8b
9b
<0.0001

1WATw
0e
48 a
13 cd
40 a
21 bc
16 cd
10 d
25 b
<0.0001

2WAT
0e
81 a
13 d
60 b
8 de
11 d
12 d
27 c
<0.0001

4WAT
0b
28 a
5b
19 a
6b
3b
7b
8b
<0.0001

Irrigation
Yes
No

4DAT
6b
14 a
<0.0001

1WAT
12 b
31 a
<0.0001

2WAT
17 b
35 a
<0.0001

4WAT
6b
12 a
<0.0001

Means with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.005).
All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
x
Abbreviation: DAT, days after treatment.
w
Abbreviation: WAT, weeks after treatment.
z

y
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Table 3.3. Visual turfgrass injury on a percent basis in response to herbicide treatments (Treatment effect), and immediate
irrigation (Irrigation effect) in Clemson, SC and Auburn, AL, 2017.
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ Turfgrass Injury (%)z ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶
Treatmenty

kg ai ha-1

Control
Topramezone
Carfentrazone + 2,4-D + dicamba + MCPP
Carfentrazone + 2,4-D + dicamba + MCPP + topramezone
Metribuzin
Mesotrione
Simazine
Mesotrione + simazine
P-Value

—
0.0123
0.5
0.5 + 0.0123
0.42
0.28
0.87
0.28 + 0.87

4 DATx
NonIrrigated irrigated
0d
0d
8 cd
11 bcd
5 cd
21 ab
7 cd
26 a
9 cd
26 a
2 cd
13 bc
9 cd
7 cd
7 cd
11 bcd
<0.0001

1WATw
NonIrrigated irrigated
0g
0g
44 abc
51 a
3g
23 ef
26 e
55 a
6g
35 cde
2g
29 de
8g
13 fg
8g
42 bcd
<0.0001

2 WAT
NonIrrigated irrigated
0f
0f
74 a
88 a
4 ef
21 cd
33 bc
87 a
1 ef
14 def
4 ef
18 cde
14 def
11 def
9 def
45 b
<0.0001

Means with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.005).
All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
x
Abbreviation: DAT, days after treatment.
w
Abbreviation: WAT, weeks after treatment.
z

4 WAT
NonIrrigated irrigated
0c
0c
14 bc
41 a
8c
3c
12 c
27 ab
7c
4c
3c
3c
6c
8c
3c
13 bc
<0.0001

y
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Table 3.4. Turfgrass injury ratings based on NDVI in response to herbicide treatments (Treatment effect), and immediate
irrigation (Irrigation effect) in Clemson, SC and Auburn, AL, 2017.
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ Turfgrass Injury (NDVI)z ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶
Treatmenty
Control
Topramezone
Carfentrazone + 2,4-D + dicamba + MCPP
Carfentrazone + 2,4-D + dicamba + MCPP + topramezone
Metribuzin
Mesotrione
Simazine
Mesotrione + simazine
P-Value

P-Value

kg ai ha-1
—
0.0123
0.5
0.5 + 0.0123
0.42
0.28
0.87
0.28 + 0.87

4DATx
0.781 a
0.735 ab
0.735 ab
0.716 b
0.745 ab
0.758 ab
0.774 a
0.765 ab
0.0108

1WATw
0.681 ab
0.606 abc
0.620 abc
0.582 c
0.576 c
0.614 abc
0.690 a
0.602 bc
0.0001

2WAT
0.669 a
0.442 d
0.604 ab
0.484 cd
0.590 abc
0.590 abc
0.662 a
0.519 bcd
<0.0001

4WAT
0.625 a
0.546 b
0.611 ab
0.598 ab
0.630 a
0.624 a
0.625 a
0.610 ab
0.0257

Irrigation
Yes
No

4DAT
0.769 a
0.734 b
0.0003

1WAT
0.644 a
0.599 b
0.0017

2WAT
0.612 a
0.528 b
<0.0001

4WAT
0.621 a
0.596 b
0.0446

Means with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.005).
All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
x
Abbreviation: DAT, days after treatment.
w
Abbreviation: WAT, weeks after treatment.
z

y
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CHAPTER FOUR
GENETIC DIVERSITY OF PHENOTYPICALLY DICTINCT GOOSEGRASS (ELEUSINE
INDICA L. GAERTN.) ECOTYPES

This work has been submitted to Crop Science for publication:
Robert A. Kerr,* Tatyana Zhebentyayeva, Christopher Saski, William C. Bridges, and Lambert
B. McCarty
Abstract

Goosegrass (Eleusine indica L. Gaertn.) is a troublesome weed in turfgrass systems throughout
the world. The development of herbicide resistant ecotypes has occurred to multiple modes of
action. Goosegrass is a prolific seed producer (~50,000 per plant), fast growing and diverse
weed. Such growing attributes make it essential to have a better understanding of the genetic
diversity of various ecotypes. The objectives of this study were to determine if morphologically
distinct goosegrass ecotypes collected in Florida were phenotypically distinct and genetically
different from traditional ecotypes. Phenotypically, the goosegrass ecotypes can be classified
into four groups; dwarf, intermediate 1 (int_I), intermediate 2 (int_II) and wild. The dwarf and
wild ecotype had least seedheads; 5 and 17 respectively, while int_I and int_II had highest
number of seedheads; 22 and 34 respectively. The dwarf ecotype had lowest height of 6 cm and
the wild ecotype had highest height of 36 cm. Dwarf and int_II ecotypes had shortest internode
length of 0.2 cm and 1 cm, respectively, while the wild ecotype had longest internode length of 7
cm. The dwarf ecotype had lowest number of racemes per plant of 1, while the wild ecotype had
highest number of racemes per plant of 7. Total biomass was lowest for the dwarf and int_II
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ecotype; 0.7 g and 1.5 g, respectively, and total biomass was highest for the wild ecotype at 5 g.
Gene sequencing and subsequent phylogenetic analysis suggest the ecotypes are genetically
different. Three single nucleotide polymorphisms (SNP) of interest were discovered indicating
allelic differences between ecotypes.

Introduction
Invasive and/or weed species often acclimate readily to different growing conditions. One
mechanism weeds utilize to survive and outcompete desirable plant species is to readily adapt to
new habitats and environmental conditions (Argawal, 2001; Sultan, 1995). To understand how
weeds evolve to a wide ecological distribution, two alternate hypotheses are suggested;
phenotype plasticity and locally adapted ecotypes (Geng, 2007). Phenotypic plasticity or
differences between populations is thought to be environmental-induced variations (Geng, 2007).
In this scenario, the genotype of individuals within a population is plastic, therefore individuals
can cope with different environments and/or habitats (Geng, 2007). Alternatively, for locally
adapted ecotypes, the phenotypic variations between populations are genetically based (Geng,
2007); therefore, different populations are locally adapted to the given habitat. Saidi et al., (2016)
noted morphologically distinct ecotypes of goosegrass have been found throughout Malaysia.
Goosegrass is a major weed of turfgrass systems, and occurs in a number of different
ecological habitats (Chen et al., 2017; Saidi et al., 2016). The development of herbicide resistant
goosegrass is an example of locally adapted ecotypes (Brosnan and Breeden, 2013; Chen et al.,
2017). Goosegrass has developed resistance to a number of herbicides, including: glyphosate
(Lee and Ngim, 2000); paraquat (Buker III et al., 2002); metribuzin plus MSMA (Brosnan et al.,
2008); glufosinate plus paraquat (Seng et al., 2010); and oxadiazon (McElroy et al., 2017).
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Goosegrass plants survive in different habitats on golf courses, ranging from highly
maintained putting green surfaces, to the unmaintained; unmowed natural areas (Busey, 2004).
Plants found in the different habitats are morphologically distinct such as populations on putting
greens often exhibit a dwarf-like growth habit, while in the natural unmaintained habitat,
goosegrass plants exhibit a tall growth habit (McCarty, 1991). One hypotheses for the
development of the different ecotypes, is being able to survive the intense management practices
such as low mowing height (<3 mm) used on putting greens.
Burdon (1987) noted genetically diverse ecotypes occur within any population of weed
species. Genetic diversity leads to the development of diverse weed populations and ecotypes,
and understanding the relationship between genetic and morphological diversity of plant
ecotypes will lead to a better understanding of their adaptability (Cross et al., 2015; Dekker,
1997; Saidi et al., 2016). Research is needed to elucidate the relationship between genetic and
morphological diversity of goosegrass (Saidi et al., 2016) leading to the objectives of this study
1) determine if goosegrass ecotypes collected in Florida were phenotypically distinct from
traditional ecotypes; and 2) determine if goosegrass ecotypes collected in Florida were
genetically different from traditional ecotypes.
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Materials and Methods
In October 2014, seeds from a dwarf growing goosegrass ecotype were collected at Deep
Creek Golf Club, Punta Gorda, FL (27.01°N, 82.01°W); and seeds from a wild goosegrass
ecotype were collected at Del Tura Golf Club, Fort Myers, FL (26.73°N, 82.01°W). Seeds were
then brought to Clemson University, Clemson, SC and stored at 4°C.
In June 2016, seeds were sown in 1020 NCR trays (Landmark Plastic Corporation,
Akron, OH, USA) filled with a sterile growing medium (Farfard® Growing Mix 3B; Sun Gro
Horticulture Agawam, MA, USA). Trays were placed on a misting bench to promote
germination for a period of 10 days, then relocated into a greenhouse. Once plants emerged and
matured to a two-leaf stage, seedlings were transplanted to 10 cm by 9 cm greenhouse pots
(Landmark Plastic Corporation, Akron, OH, USA) filled with a sterile growing medium
(Farfard® Growing Mix 3B; Sun Gro Horticulture Agawam, MA, USA).
Plants were grown until the production of seedheads and leaf senescence (~10 weeks),
the life cycle was considered complete at this stage. Observations lead to the grouping of four
ecotypes; dwarf, intermediate 1 (int_I), intermediate 2 (int_II), and wild. Six individuals
exhibiting each ecotype were then selected and phenotypic data collected for the following traits;
number of seedheads; plant height; internode length; raceme length; above ground biomass; and,
total surface area of above ground biomass. In addition, young green leaves were collected from
each of the 24 individuals and lyophilized (freeze dried) for DNA extraction.
The number of seedheads present on individual plants were counted. Plant height was
measured (cm) from plant crown to the top of the longest raceme or leaf. Twenty internodes on
each plant and the length of twenty racemes on each plant were measured (cm) and averaged.
Above ground biomass was separated from the root material at the crown then oven dried at
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80°C for 72 h to determine dry weight (DW). Prior to being oven dried, a subsample was
removed to quantify the plants surface area using WinRhizo root-scanning software (Regent
Instruments Inc., Ottawa, ON Canada); the subsample was oven dried separately. The surface
area (SA) of the entire sample was determined by the following equation (Varma and Osuri,
2013):
[1]

DNA Extraction
Genomic DNA was extracted from young, expanding leaf biomass using a modified
CTAB-based protocol as described by Kubisiak et al. (2013). Briefly, 50 mg of lyophilized
(freeze dried) leaf tissue was added to 1 ml round bottom grinding tubes and stored at -80°C until
extraction. At extraction, 750 µl 1X extraction buffer containing 1.0 µl/ml 2-mercaptoethanol
was added. One grinding bead was added per tube and samples ground in a Retsch Mixer Mix
MM400 (Retsch Lab Equipment, Haan, Germany) at 30 oscillation cycles per second for 10
minutes – afterwards plate orientation was switched and reground for another 10 minutes. Tubes
were centrifuged at 6,000 rpm for 20 minutes, followed by supernatant removal. The pellet was
reconstituted with 200 µl of organelle wash buffer, 4 µl RNaseA (10 mg/ml), and 80 µl 5%
sarkosyl (N-Lauroyl Sarcosine); placed on a mixer mill and shaken at 30 oscillation cycles per
second for 15 seconds, and then incubated at room temperature for 30 minutes. Plates were
centrifuged at 6,000 rpm for 2 minutes, then 72 µl, 5 M NaCl, 80 µl CTAB/NaCl and 3 µl
Proteinase K (20 mg/ml) was added. Plates were then shaken by hand to mix, and incubated at
65°C for 15 minutes and then placed in -20°C freezer for 2 minutes to cool. Following cooling,
plates were centrifuged at 6,000 rpm for 2 minutes, then 400 µl chloroform/octanol (24:1) was
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added and mixed gently using the mixer mill for 30 oscillation cycles per second for a total of 15
seconds. Plates were then centrifuged at 6,000 rpm for 20 minutes, the upper aqueous phase
transferred to new flat-bottomed 1 ml tubes and DNA extracted with at least 1 volume of ice cold
2-propanol, mixed gently and thoroughly. Extracts were centrifuged at 6,000 rpm for 10 minutes
to pellet DNA, supernatant then gently poured off, 200 µl of 70% ethanol then added, and mixed
thoroughly by hand. Plates were then centrifuged at 6,000 rpm for 5 minutes to re-pellet DNA,
70% ethanol then gently poured off. The precipitated DNA was then dried in a desiccator
overnight, 50 µl of TE (1 M Tris-HCl, 0.1 M EDTA, pH 8.0) added the following day to dissolve
the DNA pellet, and the DNA then quantified using the Qubit 2.0® flurometer following
manufacturer’s instruction.

Primer Design, Gene Amplification and Sequencing
Goosegrass specific amplification primers were designed by BLAST (Altschul et al.,
1990) searching rice gene sequences [accession AP014964 (gene A) and AP014965 (gene B)] to
a goosegrass genome database (Table 4.1). Candidate goosegrass specific primers were then
designed by changing base pairs to match the goosegrass genome. PCR amplification was
conducted in a 10 µl PCR reaction which consisted of 1.0 µl of DNA, 2.0 µl of 5x buffer, 1 µl of
the forward primer (Invitrogen, Carlsbad, CA), 1 µl of the reverse primer (Invitrogen, Carlsbad,
CA), 0.2µl of MyTaq (Bioline, Memphis, TN) and 5.8 µl of H2O. The PCR cycles were run
using a DNA Engine Tetrad 2 Peltier Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) with
the following parameters: incubated at 95°C for 3 minutes; incubated at 95°C for 30 seconds;
incubated at 55°C for 30 seconds; incubated at 72°C for 30 seconds; 29 cycles at 95°C for 30
seconds; incubated at 72°C for 5 minutes; then held at 4°C. In preparation for electrophoresis
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and Sanger sequencing, each 10 µl PCR product was treated with 2 µl of ExoSap consisting of
0.15 µl Exonuclease 1 (Biolabs, Ipswich, MA), 0.9 µl of Shrimp Alkaline Phosphatase (rSAP)
(Biolabs, Ipswich, MA) and 0.95 µl of H2O to remove all unincorporated nucleotides and primer
dimers (Tanskanen et al. 2008). Combined PCR products and ExoSap treatments were placed in
a DNA Engine Tetrad 2 Peltier Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) with the
following parameters: incubated at 37°C for 30 minutes; incubated at 80°C for 15 minutes; then
held at 4°C. Following ExoSap treatment, 5 µl of total volume (12 µl) was removed for
electrophoresis gel with the remaining 7 µl used for Sanger sequencing. The ExoSap-treated
PCR product (5 µl) was fractionated on agarose gel in TAE buffer (40 mM Tris-acetate, 20 mM
sodium acetate, 1 mM EDTA; pH 7.7), electrophoresis Power Pac 300 (Bio-Rad Laboratories,
Hercules, CA) held at 80 V for 30 minutes at room temperature (Saidi et al., 2016).
Poor quality sequences were removed for any of the 24 individuals, resulting in 23
individuals for gene A and 20 individuals for gene B being used in the multiple sequence
alignment and phylogenetic tree.

Data Analysis
Phenotypic data analysis of variance (ANOVA) and means separated using Tukey’s HSD
test (α = 0.05); and the principle components analysis performed and all associated graphics were
created using the SAS statistical software package JMP Pro 13.2. Trimming and assembling of
Sanger sequences, phylogenetic analysis and related graphics were performed using Geneious
bioinformatics software package (Biomatters Inc., Newark, NJ) (Garcia et al., 2018).

Results and Discussion

54

Phenotype Description
Observations in the greenhouse lead to the classification of four goosegrass ecotypes;
dwarf, intermediate 1 (int_I), intermediate 2 (int_II) and wild (Figure 1; Table 4.2). Goosegrass
ecotypes found on putting green surfaces had a dwarf growth habit, and ecotypes found growing
in unmaintained areas had a larger growth habit (Figure 1). The dwarf and wild ecotype had least
seedheads; 5 and 17 respectively, while int_I and int_II had highest number of seedheads; 22 and
34 respectively (Table 4.3). The dwarf ecotype had lowest height of 6 cm and the wild ecotype
had highest height of 36 cm (Table 4.3). Dwarf and int_II ecotypes had shortest internode length
of 0.2 cm and 1 cm, respectively, while the wild ecotype had longest internode length of 7 cm
(Table 3). The dwarf ecotype had lowest number of racemes per plant of 1, while the wild
ecotype had highest number of racemes per plant of 7 (Table 4.3). Total biomass was lowest for
the dwarf and int_II ecotype; 0.7 g and 1.5 g, respectively, and total biomass was highest for the
wild ecotype at 5 g (Table 4.3). Int_I, dwarf, and int_II ecotypes had lowest total surface area;
471 cm2, 501 cm2, and 524 cm2, respectively while the wild ecotype had highest total surface
area of 953 cm2 (Table 4.3).

Phenotypic - Principle Components Analysis
To visualize the entire data set and to understand how the measured traits affect the
phenotype of various ecotypes, principle components analysis and clustering was performed
(Saidi et al., 2016). The first principal component (PC1) explained 74.7% of the total variation,
with highest contributors being; height, internode length, raceme length, total biomass and total
surface area. The second principal component (PC2), seedhead number, explained 16.7% of the
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total variation (Figure 4.2). Saidi et al. (2016) noted the main morphological traits for grouping
goosegrass ecotypes in Malaysia were; number of tillers, flag leaf length, flag leaf width and
panicle length. In the present study, the principle components analysis resulted in clustering of
individuals within distinct ecotype groups. The dwarf ecotype group clustered between -2 to -3
on PC1, and between -0.8 and -1.2 on PC2 (Figure 4.2). The int_I ecotype group clustered
between 0.2 and -0.8 on PC1, and between 0.8 and -0.5 on PC2 (Figure 4.2). The int_II ecotype
group clustered between -1 and -1.8 on PC1, and between 2.6 and -0.5 on PC2 (Figure 4.2). The
wild ecotype group clustered between 4.8 and 2 on PC1, and between 0 and -0.8 on PC2 (Figure
4.2). Saidi et al. (2016) noted the number of tillers was a major outlier for Malaysia goosegrass
ecotypes.

Gene Sequencing and Genetic Analysis
In each of the 24 ecotypes, 2 genes were sequenced to investigate if the different ecotypes
were genetically distinct. Multiple sequence alignment (MSA) of representative samples from
the four phenotypically distinct biotypes revealed genetic variation in the form of single
nucleotide polymorphisms (SNP). Our analysis revealed 2 SNPs in gene A (Figure 4.3) and one
SNP in gene B (Figure 4.4). The orthologous genes in Oryza are as follows: gene A (AP014964)
is an expressed eukaryotic protein of unknown function (Wilkins et al., 2016) and gene B
(AP014965) is a cellulose synthase (Chandran et al., 2016) (Table 4.1). The two genes were
selected as both are under neutral selection pressure. In gene A, all of the wild ecotypes had a G
allele at position 346, compared to an A allele for all int_I, int_II and dwarf ecotypes (Figure
4.3.A). At position 363 of gene A, all wild ecotypes, two of the int_I and one dwarf ecotype had
a G allele (Figure 4.3.A). It is hypothesized the dwarf and intermediate ecotypes have diverged
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from the wild ecotype; therefore, it appears some alleles will be heterogeneous amongst
ecotypes. In the phylogenetic tree for gene A, all wild ecotypes clustered together, while int_I,
int_II and dwarf ecotypes showed no clear clustering patterns (Figure 4.3.B). In gene B, all wild
ecotypes had an A allele at position 352, compared to G allele for all int_I, int_II and dwarf
ecotypes (Figure 4.4.A). In the phylogenetic tree for gene B, all wild ecotypes clustered together,
while int_I, int_II and dwarf ecotypes showed no clear clustering patterns (Figure 4.4.B).
Saidi et al. (2016) noted differences in morphology and genetics of goosegrass ecotypes
in Malaysia, however, weak correlation occurred between the morphological and molecular data.
Weak correlations between morphology and molecular data has also been noted in other plant
species such as barley (Hordeum vulgare L.) (Lund, 2002), Paramichelia baillonii Pierre Hu a
tropical tree (Li et al., 2008) and potato (Solanum tuberosum L.) (Vetelainen et al., 2005). To the
authors’ knowledge, this is the first reported case of morphological and genetic differences
between goosegrass ecotypes found in the Southeastern United States.
Future research is needed to fully understand the genetic and phenotypic relationship
between goosegrass ecotypes. Genetic screening of a larger population of ecotypes at multiple
loci is needed to understand the complexity and diversity of the goosegrass genome. The current
study highlights the need for genotyping by sequencing of the different goosegrass ecotypes. The
genotyping by sequencing would result in a more detailed resolution of the goosegrass genome.
Further implications could lead to a greater understanding of herbicide resistance mechanisms
and highlight potential SNP of weedy traits for breeding programs. The genes used in the present
study could be utilized in other plant species to discriminate between ecotypes.
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Table 4.1. The forward and reverse primer sequences for the two goosegrass (Eleusine indica) candidate phylogenetic genes and the
gene function.

Gene

Published gene

Accession number

Forward sequence (5' - 3')

Reverse sequence (5' - 3')

Gene description and product

A

LOC_Os08g42720

AP014964

CTTGGAATTATCGATGTGGAAGC

CAAATCACCCTTCAAAGGATTAGG

B

LOC_Os09g25490

AP014965

GAAGGTCTGCTACGTGCAGTTCC

ACCGCTTCTCGAAGTTCATCTGC

Solute carrier family 35
member F1, putative,
expressed.
CESA9 - cellulose synthase,
expressed.
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Table 4.2. Analysis of variance for seedhead number, height, internode length, raceme length, total biomass and biomass surface area
of four goosegrass ecotypes.
Seedhead number
Height
Internode length
Raceme length
Total biomass
Biomass surface area

Df
3
3
3
3
3
3

Sum Sq
2731
3004.8
165.42
89.82
63.89
939067

Mean Sq
910.4
1001.6
55.14
29.939
21.3
313022

F value
12.09
185.8
127.9
189.2
85.26
8.874

Pr(>F)
< 0.0001 ***
< 0.0001 ***
< 0.0001 ***
< 0.0001 ***
< 0.0001 ***
< 0.0006 ***

63

Table 4.3. Seedhead number, height, internode length, raceme length, total biomass and total surface area of four goosegrass ecotypes;
dwarf, intermediate 1 (int_I), intermediate 2 (int_II) and wild. Phenotypic data collected at the completion of the life cycle (~10
weeks).
Ecotype

Seedhead number†

Height (cm)

Internode length (cm)

Raceme length (cm)

Total biomass (g)

Total surface area (cm2)

Dwarf

5c

6d

0.2 c

1d

0.7 c

501 b

int_I

22 ab

19 b

2.2 b

4b

1.8 b

471 b

int_II

34 a

11 c

1c

3c

1.5 bc

524 b

17 bc

36 a

7a

7a

5a

953 a

Wild

†Means

with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.05).
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Figure 4.1. Phenotypes of unmowed goosegrass observed at the completion of the life cycle (~10 weeks) under greenhouse conditions
at Clemson University, Clemson, SC. The pot to the far left was a wild, upright growing habit, the center two pots have an
intermediate growth habit, while the far right pot has a dwarf growth habit.
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Figure 4.2. Principle components analysis indicating the grouping of four goosegrass ecotypes; dwarf, intermediate one (int_I),
intermediate two (int_II) and wild. Component 1 is a combination of plant height, internode length, raceme length, above ground
biomass and total surface area of above ground biomass; component 2 consists of seedhead number. The dwarf ecotype is the lowest
on component 1, int_I and int_II are in the middle; and wild is the highest. The int_II ecotype is the highest on component 2; dwarf,
int_I and wild are in the middle. Goosegrass plants were grown in greenhouse conditions at Clemson University, Clemson SC. At the
completion of the life cycle (~10 weeks) phenotypic data was collected.
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Figure 4.3. A. Sequences of 23 goosegrass individuals following multiple sequence alignment of gene A; 4 ecotypes include, 6 wild
individuals, 5 intermediate one (int_I) individuals, 6 intermediate two (int_II) individuals and 6 dwarf individuals. B. Phylogenetic
tree and the associated clustering of 23 goosegrass ecotypes including; 6 wild individuals, 5 intermediate one (int_I) individuals, 6
intermediate two (int_II) individuals and 6 dwarf individuals.
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Figure 4.4. A. Sequences of 20 goosegrass individuals following multiple sequence alignment of gene B; 4 ecotypes include, 5
wild individuals, 4 intermediate one (int_I) individuals, 6 intermediate two (int_II) individuals and 5 dwarf individuals. B.
Phylogenetic tree and the associated clustering of 20 goosegrass ecotypes including; 5 wild individuals, 4 intermediate one
(int_I) individuals, 6 intermediate two (int_II) individuals and 5 dwarf individuals.
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CHAPTER FIVE
GOOSEGRASS CONTROL AND TURFGRASS SAFETY FOLLOWING IMMEDIATE
IRRIGATION

This work has been submitted to Weed Technology:

Robert A. Kerr, Lambert B. McCarty, Matthew Cutulle, William C. Bridges, and
Christopher Saski

Abstract

Goosegrass is a problematic C4 weedy grass species, occurring in the warmer regions of the
world where it is difficult to selectively control without injuring the turfgrass. Furthermore
control efficacy is effected by plant maturity. End-user options for satisfactory goosegrass
control has decreased, thus, the need for developing management techniques to improve the
selectivity of POST goosegrass control options in turfgrass systems is ever increasing. One
possible means of providing control, yet maintaining turf quality is immediately incorporating
applied products via irrigation. Greenhouse and field trials were conducted in Pickens County,
SC with the objectives of: 1) evaluating turfgrass injury following use of POST goosegrass
control options; 2) assessing if irrigating (± 0.25 inch, 0.6 cm) immediately following the
herbicide application reduces injury of ‘Tifway 419’ bermudagrass (Cynodon dactylon (L.) Pers.
X Cynodon transvaalensis Burtt-Davy); and 3) determining if immediate irrigation influences
goosegrass control at one- to three-tiller and mature growth stage. Treatments included: control
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(+/- irrigation); topramezone (Pylex 2.8C) at 12.3 g ai ha-1 (+/- irrigation); metribuzin (Sencor
75DF) at 420 g ai ha-1 (+/- irrigation); and topramezone plus metribuzin (+/- irrigation) at 12.3
and 420 g ai ha-1 (Table 5.1). Irrigation treatment had minimum effect on greenhouse grown
goosegrass biomass, all treatments provided >85% control of 1 to 3 tiller goosegrass plants.
However, control for mature plants was <50% for topramezone and 60 to 70% for metribuzin
containing treatments. In field studies, at 1WAT, the irrigated metribuzin and topramezone plus
metribuzin had ~37% and ~16%, respectively, less goosegrass control vs. non-irrigated
treatments. At 2WAT, irrigated metribuzin and irrigated topramezone plus metribuzin treated
plots, had ~50% less mature goosegrass control vs. non-irrigated treatments. Irrigated herbicide
treatments however, experienced ~23% less turfgrass injury at this time. At 4WAT, irrigated
metribuzin and irrigated topramezone plus metribuzin treated plots experienced reduced mature
goosegrass control by ~65% and ~59%, respectively. Overall, incorporating POST herbicide
applications via 0.66 cm of irrigation reduced turfgrass injury by at least 20% for all herbicide
treatments, while maintaining goosegrass control.
Nomenclature: goosegrass, Eleusine indica (L.) Gaertn; ‘Tifway 419’ bermudagrass (Cynodon
dactylon (L.) Pers. X Cynodon transvaalensis Burtt-Davy).
Keywords: Turfgrass management, turfgrass injury, turfgrass weed, weed control.
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Introduction

Goosegrass is a problematic C4 weedy grass species throughout the warmer regions of the
world (Mudge et al. 1984; Lee and Ngim 2000; McCullough et al. 2016). Nishimoto and
McCarty (1997) noted 99% germination with fluctuating temperatures; 20 C for 16 h and 35 C
for 8 h with supplemental light. Kerr et al. (2018) noted goosegrass life cycle was complete in 68
d after emergence in late-summer/early autumn in Clemson, SC. Typically, goosegrass plants are
killed with the first frost. However, in the tropical regions of the world, plants continue to tiller
year round and behave more like a perennial. In the tropical regions, seed germinate year round
resulting in varying aged goosegrass plants, and inconsistent PRE and POST control efficacy.
Goosegrass control efficacy is effected, among other variables by the maturity of the
plant. Previous research noted a reduction in control at the one- to two-tiller and four- to six-tiller
growth stage, compared to the two- to four-leaf growth stage (Burke 2005). McCarty (1991)
noted differences in goosegrass control with diclofop based on goosegrass mowing height. The
addition of metribuzin with diclofop improved control efficacy of mature goosegrass plants.
End-user options for goosegrass control efficacy while maintaining acceptable turfgrass quality
has decreased over the last decade or so, due to, reduced performance for certain herbicides (e.g.,
foramsulfuron), specific goosegrass herbicides (e.g., diclofop-methyl) being removed from the
market, and the removal and/or severe use reductions of other herbicides (e.g., monosodium
methanearsonate, MSMA). Current goosegrass control options (e.g., topramezone, metribuzin)
also have activity on warm-season turfgrass, often resulting in unacceptable injury. Developing
management techniques to improve the selectivity of POST goosegrass control herbicides
provides end-users more options for effective goosegrass control. Possible means of obtaining
71

control, yet, maintaining turf quality is immediately incorporating applied products via irrigation.
Since metribuzin and topramezone have some or all root absorption, this strategy is hypothesized
to provide desired goosegrass control, yet, minimizing undesirable turfgrass injury (Abusteit et
al. 1985; Elmore et al. 2011). The objectives of the trials were: 1) evaluate turfgrass injury
following use of POST goosegrass control options; 2) assess if irrigating immediately following
the herbicide application reduces injury of ‘Tifway 419’ bermudagrass (Cynodon dactylon (L.)
Pers. X Cynodon transvaalensis Burtt-Davy); and 3) evaluate if immediate irrigation influences
goosegrass control at one- to three-tiller and mature growth stage.

Materials and Methods
Greenhouse Experiments
Goosegrass seeds were collected from a low turf maintenance site, The Cherry Farm at
Clemson University (Clemson, SC) on October 25, 2016 and stored at 4 C. Seeds were sown in
1020 NCR trays (Landmark Plastic Corporation, Akron, OH, USA) filled with a sterile growing
medium (Farfard® Growing Mix 3B; Sun Gro Horticulture Agawam, MA, USA). Trays were
placed on a misting bench to promote germination for a period of 10 d. Once plants emerged and
matured to a two leaf stage, seedlings were transplanted (one plant per pot) to 10 cm by 9 cm
greenhouse pots (Landmark Plastic Corporation, Akron, OH, USA) filled with a sterile growing
medium (Farfard® Growing Mix 3B; Sun Gro Horticulture Agawam, MA, USA). Plants were
grown until the 1 to 3 tiller growth stage or mature with seedheads growth stage, thereafter,
treatments were applied (Table 5.1).
The experiment was arranged as a randomized complete block design with 4 replications,
each block consisted of 8 goosegrass plants, for a total of 32 plants. Blocking was used to
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eliminate any spatial effect within the greenhouse. Two experimental runs were conducted,
October – March 2016-17 and 2017-18. For both experimental runs, maximum and minimum
temperatures were 30 C and 23 C, respectively. Light intensity was at 500 µmoles m-2 s-1 with a
14 h photoperiod, via supplemental lighting. Plants were sub-irrigated to prevent moisture stress.
Plants were not clipped and no supplemental fertility was added for the duration of the study.
Treatments included: control (+/- irrigation); topramezone (Pylex 2.8C) at 12.3 g ai ha-1
(+/- irrigation); metribuzin (Sencor 75DF) at 420 g ai ha-1 (+/- irrigation); and topramezone plus
metribuzin (+/- irrigation) at 12.3 and 420 g ai ha-1 (Table 5.1). All treatments were mixed with a
non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in
2 L bottles. Herbicides were applied using a pressurized CO2 backpack boom sprayer with a
water carrier volume of 187 L ha-1 through 8003 flat-fan nozzles (Tee jet, Spraying Systems CO.,
Roswell, GA). Irrigated treatments were applied immediately with a volume of water in a beaker
pre-calibrated to apply 0.6 cm or 0.25 inch. Additional irrigation was withheld from the treated
pots for a period of 48 hours.
Four wk after treatment (WAT), above ground biomass was destructively harvested and
plant material was then placed into paper bags and oven dried at 80 C for 72 h. At the completion
of the drying period, plant material was weighed to determine biomass.
Field Experiments
Two field studies were conducted during August 2017 and August 2018 in Pickens
County, SC on ‘Tifway 419’ bermudagrass golf course fairways infested with goosegrass plants
(>80%). Fairways were mown three times per wk at 13 mm and soil type was a Cecil sandy loam
(fine, kaolinitic, thermic Typic Kanhapludults).
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The experiment was arranged as a randomized complete block design with 4 replications,
plots were 1.5 m × 2 m. Treatments included: control (+/- irrigation); topramezone (Pylex 2.8C)
at 12.3 g ai ha-1 (+/- irrigation); metribuzin (Sencor 75DF) at 420 g ai ha-1 (+/- irrigation); and
topramezone plus metribuzin at 12.3 and 420 g ai ha-1 (+/- irrigation) (Table 5.1). All treatments
were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN
38017; at 0.25% v/v) in 2 L bottles. Herbicides were applied using a pressurized CO2 backpack
boom sprayer with a water carrier volume of 187 L ha-1 through 8003 flat-fan nozzles (Tee jet,
Spraying Systems CO., Roswell, GA). Irrigated treatments were applied immediately with a
hand hose pre-calibrated to apply 0.6 cm or 0.25 inch. Additional irrigation was withheld from
the treated plots for a period of 48 hours. No supplemental fertility was added for the duration of
the study. Ratings occurred 3 d after treatment (DAT), 1WAT, 2WAT and 4WAT. Plots were
rated visually for turfgrass injury (scale of 0-100% with 100=dark green dense turfgrass,
0=dead/brown turfgrass, and 30=minimally acceptable turfgrass) and goosegrass control (0=no
control, 100=complete control). Control was quantitatively evaluated by counting the number of
goosegrass plants in each plot on each rating date (Atkinson et al., 2014). Percent control was
then calculated by comparing the number of goosegrass plants in a plot to the number in a
nontreated control plot in the same replicate (Atkinson et al., 2014).

Statistical Analysis
The SAS statistical software package JMP Pro 13 (SAS Institute Inc., SAS Campus
Drive, Cary, NC, USA) was used for analysis of variance (ANOVA) and means separation on all
data sets. The ANOVA was used to evaluate the main effects of herbicide, irrigation and growth
stage; as well as the interactions. When the main effects or interactions were significant, Tukey’s
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HSD test (α = 0.05) was used to separate means. Data was analyzed individually for each
evaluation date.

Results and Discussion

Experimental run and/or year was analyzed statistically and visually for effects and no
significant effect was detected, thus, data was combined. Experimental run and/or year was not
part of the statistical model for data analysis of the greenhouse or field studies. Each sampling
date was analyzed separately for effects.

Greenhouse Experiments
Immediate irrigation had no effect on goosegrass above ground biomass at 4WAT.
However, based on above ground biomass, the interaction of treatment by plant growth stage,
was significant at 4WAT. Compared to untreated plants, for the mature growth stage, metribuzin
alone and topramezone plus metribuzin reduced biomass ~67%, topramezone alone reduced
biomass ~43% (Table 5.2). Compared to untreated plants, for the 1 to 3 tiller growth stage,
metribuzin alone and topramezone plus metribuzin reduced biomass ~100%, topramezone alone
reduced biomass ~89% (Table 5.2). Cox et al. (2017) noted topramezone alone at 12.3 g ai ha-1
reduced goosegrass biomass 40%.

Field Experiments
Goosegrass control. The interaction of treatment by irrigation for goosegrass control in
the field was significant at 3DAT and 1WAT (Table 5.3). At 3DAT, non-irrigated topramezone
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plus metribuzin treatment had highest goosegrass control (~12%) (Table 5.3). At 1WAT, nonirrigated topramezone plus metribuzin treated plots had highest control (~88%); followed by
non-irrigated metribuzin (~86%); irrigated topramezone plus metribuzin (~72%); irrigated
metribuzin (~49%); non-irrigated topramezone (~39%); and irrigated topramezone (~31%)
(Table 5.3). For metribuzin and topramezone plus metribuzin treated plots, irrigation reduced
goosegrass control by ~37% and ~16%, respectively (Table 5.3).
The interaction of growth stage by irrigation for goosegrass control in the field was
significant at 1WAT (Table 5.4). The mature non-irrigated plots had highest control (~59%);
followed by 1 to 3 tiller non-irrigated (~48%); 1 to 3 tiller irrigated (~39%); and mature irrigated
(~37%) (Table 5.4).
The interaction of treatment by growth stage for goosegrass control in the field was
significant at 1WAT (Table 5.5). The mature topramezone plus metribuzin treated plots (~88%)
and 1 to 3 tiller topramezone plus metribuzin treated plots (~79%) had highest control; followed
by 1 to 3 tiller metribuzin (~74%); mature metribuzin (~62%); mature topramezone (~49%); and
1 to 3 tiller topramezone (~21%) (Table 5.5). Nishimoto and Murdoch (1999) noted metribuzin
applied at 280 and 560 g ai ha-1 controlled mature goosegrass 7WAT 30 and 53%, respectively.
In the present study, non-irrigated metribuzin applied at 420 g ai ha-1 controlled mature
goosegrass ~62% 1WAT (Table 5.5), ~86% 2WAT (Table 5.4) and ~73% 4WAT (Table 5.4).
The interaction of treatment by irrigation by growth stage was significant at 2WAT and
4WAT (Table 5.6). At 2WAT, the non-irrigated mature topramezone plus metribuzin (~100%);
the non-irrigated 1 to 3 tiller topramezone plus metribuzin (~100%); the non-irrigated 1 to 3 tiller
metribuzin (~100%); the irrigated 1 to 3 tiller topramezone plus metribuzin (~100%); the
irrigated 1 to 3 tiller metribuzin (~99%); and the non-irrigated 1 to 3 tiller topramezone treated
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plots (~81%) had highest control (Table 5.6). At 4WAT, goosegrass control trends were similar
as 2WAT; however, 1 to 3 tiller topramezone alone non-irrigated improved to complete control
(~100%) (Table 5.6).
Turfgrass injury. The main effects of treatment and irrigation for turfgrass injury were
significant at 2WAT. The main effect of treatment for turfgrass injury at 2WAT was highest for
topramezone plus metribuzin (~61%) and topramezone alone (~51%); followed by metribuzin
alone (~7%) (Table 5.7). The main effect of irrigation for turfgrass injury at 2WAT was highest
for non-irrigated plots (~41%); followed by irrigated plots (~18%) (Table 5.8). By irrigating the
herbicides immediately after application, visual turfgrass injury was reduced by ~23%.
The interaction of treatment by irrigation for turfgrass injury was significant at 3DAT,
1WAT and 4WAT. At 3DAT, the non-irrigated topramezone plus metribuzin treated plots had
highest injury (~14%) followed by non-irrigated metribuzin treated plots (~10%) (Table 5.9). At
1WAT, the non-irrigated topramezone plus metribuzin treated plots had the highest injury
(~82%), followed by non-irrigated topramezone alone (~53%), non-irrigated metribuzin alone
(~38) and irrigated topramezone plus metribuzin (~22%) (Table 5.9) (Armel et al. 2007). At
4WAT, non-irrigated topramezone alone treated plots had highest injury (~21%) (Table 5.9). The
injury by topramezone alone noted in the present study is supported by previous research.
Breeden et al. (2017) noted turfgrass injury for non-irrigated topramezone alone of 34%
(1WAT), 43% (2WAT) and 1% (4WAT). In the present study, non-irrigated topramezone alone
treated plots had higher turfgrass injury at 4WAT (21%); however, this is deemed acceptable
turfgrass injury (≤30%). Cox et al. (2017) noted similar turfgrass injury as the present study at
1WAT and 4WAT for non-irrigated topramezone alone treatments.
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In conclusion, no reduction in goosegrass control based on biomass reduction occurred in
greenhouse studies. In field studies, a reduction in goosegrass control for irrigated herbicide
treatments occurred, although reasonable (>50%) control efficacy occurred. Goosegrass growth
stage in the present studies impacted the control as the mature goosegrass plants were more
difficult to control. Good to complete control for all irrigated herbicide treatments occurred when
goosegrass was at the 1 to 3 tiller growth stage. Incorporating POST herbicide applications via
0.66 cm of irrigation reduced turfgrass injury by at least 20% for all herbicide treatments. Endusers should irrigate POST herbicide applications to reduce turfgrass injury. If goosegrass plants
are mature, a second application two to three wk after the initial application will improve control
efficacy.
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Table 5.1. Irrigation, herbicides, formulations and rates used in two field experiments and two greenhouse experiments in
Pickens County, SC, from October 2016 to August 2018.
Irrigationa
Yes
Yes
Yes
Yes
No
No
No
No
a

Trade Nameb
Untreated control
Pylex 2.8C
Sencor 75DF
Pylex 2.8C + Sencor 75DF
Untreated control
Pylex 2.8C
Sencor 75DF
Pylex 2.8C + Sencor 75DF

Common Name
—
Topramezone
Metribuzin
Topramezone + metribuzin
—
Topramezone
Metribuzin
Topramezone + metribuzin

Rate (g ai ha-1)
—
12.3
420
12.3 + 420
—
12.3
420
12.3 + 420

Irrigation applied to a depth of 0.66 cm (0.25 inch) immediately following treatment.
All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottle.

b
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Table 5.2. Goosegrass control in the greenhouse based of above ground biomass at four wk after treatment (4WAT), data
combined as irrigation was not significant. Herbicide applications made at two growth stages, 1 to 3 tiller and mature with
seedheads.a

Control
Topramezone
Metribuzin
Topramezone + metribuzin
a

Rate
g ai ha
̶̶̶̶̶̶
12.3
420
12.3 + 420

Above Ground Biomassb
4WAT
1 to 3 Tiller
Mature
̶̶̶̶̶̶ ̶̶ ̶̶ ̶̶̶̶̶̶̶̶ g ̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶
1.6 c
4.6 a
0.2 d
2.6 b
0d
1.6 c
0d
1.4 c

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.3. Goosegrass control in the field on a percent basis in response to herbicide (treatment effect) and irrigation (yes or
no) at 0.6 cm immediately following herbicide application. Ratings occurred three d after treatment (3DAT) and one wk after
treatment (1WAT).a

Topramezone
Metribuzin
Topramezone + metribuzin
a

Rate
g ai ha
12.3
420
12.3 + 420

Goosegrass Controlb
3DAT
1WAT
Yes
No
Yes
No
̶̶̶̶̶̶ ̶̶ ̶̶ ̶̶ ̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ % ̶̶̶ ̶̶̶̶ ̶̶ ̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶
2b
2b
31 d
39 cd
0b
5b
49 c
86 ab
0b
12 a
72 b
88 a

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter within the same rating date are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.4. Goosegrass control in the field on a percent basis at two growth stages (1 to 3 tiller and mature with seedheads) and
the effect of irrigation (yes or no), data combined across herbicide treatments. Ratings occurred one wk after treatment
(1WAT).a

Irrigation
Yes
No
a

Goosegrass Controlb
1WAT
1 to 3 Tiller
Mature
̶̶̶̶̶̶ ̶̶ ̶̶ ̶̶ % ̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶
39 bc
37 c
48 b
59 a

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.5. Goosegrass control in the field on a percent basis in response to herbicide (treatment effect) and growth stage (1 to 3
tiller and mature with seedheads), data combined for irrigation treatments. Ratings occurred one wk after treatment (1WAT).a

Topramezone
Metribuzin
Topramezone + metribuzin
a

Rate
g ai ha
12.3
420
12.3 + 420

Goosegrass Controlb
1WAT
1 to 3 Tiller Mature
̶̶̶̶̶̶ ̶̶ ̶̶ ̶̶ % ̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶
21 d
49 c
74 ab
62 bc
79 a
81 a

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.6. Goosegrass control in the field on a percent basis in response to herbicide (treatment effect), irrigation (yes or no)
and growth stage (1 to 3 tiller and mature with seedheads). Ratings occurred two wk after treatment (2WAT) and four wk after
treatment (4WAT).
Goosegrass Controlb

Treatment

a

Topramezone
Metribuzin
Topramezone + metribuzin
Topramezone
Metribuzin
Topramezone + metribuzin
a

Rate
g ai ha
12.3
420
12.3 + 420
12.3
420
12.3 + 420

Irrigation
Yes
Yes
Yes
No
No
No

2WAT
4WAT
1 to 3 Tiller
Mature
1 to 3 Tiller
Mature
̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ ̶̶̶̶̶̶̶̶̶̶̶̶ ̶̶ % ̶̶̶̶̶̶̶̶̶̶ ̶̶̶̶̶̶̶̶̶̶̶̶ ̶̶̶̶̶̶̶̶̶̶̶
43 c
43 c
54 bc
20 de
99 ab
33 c
100 a
8e
100 a
51 c
100 a
41 cd
81 ab
78 b
100 a
66 bc
100 a
86 ab
100 a
73 ab
100 a
100 a
100 a
100 a

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.7. Turfgrass injury in the field on a percent basis in response to herbicide (treatment effect), data combined across
irrigation treatment. Ratings occurred two wk after treatment (2WAT).a

Topramezone
Metribuzin
Topramezone + metribuzin
a

Rate
g ai ha
12.3
420
12.3 + 420

Turf Injuryb
2WAT
̶̶̶̶̶̶ % ̶̶̶̶̶̶̶
51 a
7b
61 a

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.8. Turfgrass injury in the field on a percent basis in response to irrigation (yes or no), data combined across herbicide
treatments. Ratings occurred two wk after treatment (2WAT).a
Irrigation
Yes
No
a

Turf Injuryb
2WAT
̶̶̶̶̶̶ % ̶̶̶̶̶̶̶
18 b
41 a

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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Table 5.9. Turfgrass injury in the field on a percent basis in response to herbicide (treatment effect) and irrigation (yes or no).
Ratings occurred three d after treatment (3DAT), one wk after treatment (1WAT) and four wk after treatment (4WAT).
Treatmenta
Topramezone
Metribuzin
Topramezone + metribuzin
Topramezone
Metribuzin
Topramezone + metribuzin
a

Rate
g ai ha
12.3
420
12.3 + 420
12.3
420
12.3 + 420

Irrigation
Yes
Yes
Yes
No
No
No

Turfgrass Injuryb
3DAT
1WAT
4WAT
̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ % ̶̶̶̶̶ ̶̶̶̶̶̶̶̶̶̶̶
1c
11 d
1b
0c
0d
0b
1c
22 cd
4 ab
4 bc
53 b
21 a
10 ab
38 bc
0b
14 a
82 a
8 ab

All treatments were mixed with a non-ionic surfactant (NIS) (Induce®, Helena Chemical, Collierville TN 38017; at 0.25% v/v) in 2 L bottles.
Means with the same letter within the same column are not statistically different based on Tukey’s HSD test (α = 0.05).

b
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